52
Breathing is controlled by neurons within the brainstem that generate rhythmic, 53 patterned output to respiratory muscles. One of the most important sources of feedback 54 comes from central respiratory chemoreceptors (CRCs) that monitor arterial PCO 2 , probably 55 indirectly via tissue pH (Feldman et al. 2003; Richerson 2004; Wang et al. 2002) . There are 56 certain properties that cells must possess to be CRCs (Richerson et al. 2005 ). These include 57 intrinsic chemosensitivity to physiologically relevant changes in CO 2 , and appropriate effects 58 on other cells so that any changes induced by hypercapnia ultimately lead to stimulation of 59 respiratory output. There are many different pH/CO 2 sensitive neurons, as well as some glia, 60 that have been identified as candidates for CRCs (Feldman et CRCs (Teran et al. 2014) . One potential confounding factor is that in the two studies that 93 failed to show 5-HT neuron chemosensitivity, animals were anesthetized with halothane or 94 isoflurane (Depuy et al. 2011; Mulkey et al. 2004) . 95
The halogenated anesthetics family are commonly used in humans and in laboratory 96 animals (Eger 1981) . The mechanisms of halogenated anesthetic action are not precisely 97 mixtures (0% CO 2 , 50% O 2 , balance N 2 ; and 7% CO 2 , 50% O 2 , balance N 2 ) with and without 164 isoflurane, while body temperature was maintained at 36 ° C with a heat lamp to control 165 for confounding influences of an isoflurane-induced reduction in body temperature. 166
Cell culture. ePet-EYFP mice were used to prepare cultures to allow identification of 5-HT 167 neurons prior to patch clamp recordings (Scott et al. 2005) . In these mice, the enhancer 168 region of the Pet-1 ETS gene drives expression of enhanced YFP. Neonatal ePet-EYFP pups 169 (n=20) were sacrificed on postnatal day 0-2 (P0-P2) and a wedge of tissue from the 170 ventromedial portion of the rostral half of the medulla (including the raphé pallidus, r. 171 magnus, and r. obscurus) was removed. The tissue was digested, triturated, and plated on 172 poly-L-ornithine-and laminin-coated coverslips. Cultures were fed and maintained as 173 previously described (Wang et al. 1998 In situ brainstem recordings. Juvenile (n=22; 60-120 g) male Sprague-Dawley rats (Simonsen 196 Laboratories, Gilroy, California) were used for a perfused brainstem preparation, whose 197 In situ protocol. The levels of O 2 and CO 2 in the perfusate were maintained by equilibrating 211 a perfusate reservoir with gas mixtures produced with a precision GSM-2 gas mixer (CWE, 212
Inc., Ardmore, Pennsylvania) and verified with a CD-3A CO 2 analyzer (AEI Technologies, 213
Pittsburgh, Pennsylvania). Control conditions approximated normocapnic plasma in vivo: 214 perfusate equilibrated with 95% O 2 -5% CO 2 entered the aorta with a PCO 2 and pH of 33 215 mmHg and 7.4, respectively. Neuronal recordings were always initiated under control gas 216 conditions, and followed by a hypercapnic challenge (91% O 2 -9% CO 2 ; Pco 2 60 mmHg; pH 217 7.2) for 5 minutes. Preparations were then perfused with isoflurane (1%) added to the 218 perfusate using an anesthetic vaporizer (Draeger Medical, Inc., Telford, Pennsylvania). experiments with mice, each animal was exposed to increased CO 2 levels both in the 283 absence and presence of isoflurane to act as in-subject controls. 284
285

RESULTS
286
Isoflurane severely impaired the hypercapnic ventilatory response in vivo 287
We measured the HCVR in awake (unanesthetized) Lmx1b f/f mice ( Fig. 1a) , which 288 are on a mixed background of C57BL/6 and 129 strains (Zhao et al. 2006) , and are 289 functionally wildtype, and again following at least 15 minutes of exposure to 1% isoflurane 290 (Fig. 1b) , the approximate mean alviolar concentration required for surgical anesthesia (1 291 MAC) (Eger 1981) . Increases in inspired CO 2 from 0% to 3%, 5% and 7% were performed 292 with O 2 maintained at 50% (increased from the normal 21%; balance N 2 ) to reduce the 293 contribution from peripheral chemoreceptors as shown by others previously (Lahiri and 294 DeLaney 1975). In response to 7% CO 2 , minute ventilation (V̇E) increased by 338% in 295 unanesthetized Lmx1b f/f mice (from 2.52 ± 0.86 μl g -1 min -1 to 11.03 ± 2.95 μl g -1 min -1 ; 296 p<0.0001; n=16; Fig. 1c ), compared to only 83% in 1% isoflurane (from 2.23 ± 0.61 μl g -1 297
min -1 to 4.08 ± 1.31 μl g -1 min -1 ; p=0.0004; n=16; Fig. 1c ), a reduction in the HCVR to 22% of 298 control (F 3,90 =50.03, p<0.0001, n=16). In contrast, isoflurane had no effect on baseline 299 breathing (from 2.52 ± 0.86 μl g -1 min -1 in awake Lmx1b f/f mice to 2.23 ± 0.61 μl g -1 min -1 in 300 isoflurane; p=0.4880; n=16). V̇E in 7% CO 2 with isoflurane (4.08 ± 1.31 μl g -1 min -1 ) was 301 significantly reduced compared to V̇E in 7% CO 2 in the absence of isoflurane (11.03 ± 2.95 302 μl g -1 min -1 ; p<0.0001). The slope of the HCVR curve between 3% and 7% CO 2 was 303 decreased in anesthetized Lmx1b f/f mice to 16% of that in unanesthetized mice (Fig. 1c) . 304
We also tested a separate strain of mice, ePet-EYFP, because we used these mice for 305 in vitro experimentation (see below). ePet-EYFP mice are on a mixed background of 306 C57Bl/6 and 129 strains (Scott et al. 2005) , and are functionally wildtype. The effects of 307 isoflurane on V̇E were more robust in ePet-EYFP mice. V̇E increased by 227% in response to 308 7% CO 2 in unanesthetized ePet-EYFP mice (from 3.41 ± 1.15 μl g -1 min -1 to 11.14 ± 4.18 μl 309 g -1 min -1 ; p<0.0001; n=10; Fig. 1c ). In isoflurane, ePet-EYFP mice no longer had a HCVR, as 310 there was no difference in V̇E at 0% CO 2 compared to 7% CO 2 (2.16 ± 0.53 vs. 2.45 ± 0.38 μl 311 g -1 min -1 , which was 4% of control; p=0.9947; n=10). In contrast to Lmx1b f/f mice, 312 isoflurane did decrease baseline breathing (from 3.41 ± 1.15 μl g -1 min -1 in awake ePet-313 EYFP mice to 2.16 ± 0.53 μl g -1 min -1 in isoflurane; p=0.0257; n=10). It is not known why 314 isoflurane had greater effects in ePet-EYFP mice than in Lmx1b f/f mice. In ePet-EYFP mice, 315 V̇E in 7% CO 2 with isoflurane was significantly reduced compared to V̇E in 7% CO 2 in the 316 absence of isoflurane (2.45 ± 0.38 vs. 11.14 ± 4.18 μl g -1 min -1 ; p<0.0001; n=10). 317
Isoflurane had a particularly profound effect on the breathing frequency (F R ) 318 component of the HCVR in both Lmx1b f/f and ePet-EYFP mice (Fig. 1d) Isoflurane also blunted the effect of CO 2 on tidal volume (V T ), albeit less than on F R 328 (Fig. 1e) . In unanesthetized Lmx1b f/f mice, V T increased by 139% (from 16.44 ± 3.80 μl g -1 to 329 39.32 ± 7.67 μl g -1 ; n=16); while in 1% isoflurane, V T only increased 89% (from 14.76 ± 330 3.18 μl g -1 to 27.85 ± 8.40 μl g -1 ; n=16). The increase in V T induced by 7% CO 2 in Lmx1b f/f 331 mice was reduced by 43% in the presence of isoflurane (p<0.0001). In contrast, V T in ePet-332 EYFP mice was more severely reduced. In unanesthetized ePet-EYFP mice, V T increased by 333 103% (from 19.81 ± 6.36 μl g -1 to 40.13 ± 15.02 μl g -1 ; p<0.0001; n=10); however, in 334 isoflurane, V T only increased 41% (from 13.01 ± 2.60 μl g -1 to 18.29 ± 2.81 μl g -1 ; p=0.0148; 335 n=10). The increase in V T induced by 7% CO 2 in ePet-EYFP mice was reduced by 74% in the 336 presence of isoflurane (p<0.0001). 337
Isoflurane treatment induced mild hypothermia (from 35.9 ± 1.6 °C to 34.7 ± 1.0 °C 338 in 0% CO 2 ; F (3,45) =5.190; p=0.0036; n=16). As such it was important to determine whether 339 changes in body temperature had a confounding effect on the results, perhaps indirectly 340 through changes in metabolism. In a separate set of experiments body temperature was 341 held constant at 36 °C during isoflurane administration using a heat lamp controlled by a 342 feedback loop. In the absence of isoflurane, V̇E increased by 430% (from 2.44 ± 0.47 μl g -1 to 343 12.92 ± 2.18 μl g -1 ; p=0.0016; n=4; Fig. 1f ) in response to 7% CO 2 . In isoflurane, V̇E did not 344 increase in response to 7% CO 2 (from 1.78 ± 0.32 μl g -1 min -1 to 3.09 ± 0.82 μl g -1 min -1 , 345 which was 13% of control; p=0.1806; n=4; Fig. 1f) , . V̇E in 7% CO 2 (3.09 ± 0.82 μl g -1 min -1 ) 346 was significantly reduced in the presence of isoflurane as compared to V̇E in 7% CO 2 in the 347 absence of isoflurane (12.92 ± 1.09 μl g -1 min -1 ; p=0.002). Therefore, the effect of isoflurane 348 on the HCVR was independent of body temperature. (Fig. 2a) or completely eliminated (Fig. 2b-c) spontaneous firing in 64% (n=14/22) and 364 36% (n=8/22) of putative 5-HT neurons, respectively. This effect was reversible (Fig. 2a  365 and 2d). A subset of these neurons was verified to be serotonergic using juxtacellular 366 labeling followed by TpOH immunohistochemistry (Fig. 2e-f) . 367 Extracellular recordings from CO 2 -stimulated neurons (n=9) meeting the 368 electrophysiological criteria for 5-HT neurons (see Methods) in the rostral portion of the 369 medullary raphé (r. magnus and r. pallidus) revealed that these cells increased their firing 370 frequency when in hypercapnic perfusate (Fig. 3a-c Isoflurane (1%) eliminated the acidosis-induced increased firing frequency of 5-HT 384 neurons in the in situ perfused brainstem preparation. As was found with the larger set of 385 putative 5-HT neurons noted above, adding 1% isoflurane to the perfusate eliminated 386 (n=3/9) or markedly decreased (n=6/9) firing in the subset of CO 2 -stimulated neurons. 387 Subsequent hypercapnia in this isoflurane perfusate resulted in no increase in firing 388 frequency in response to hypercapnia (an increase of 15 ± 72%; n=9), thus isoflurane 389 completely eliminated the response to hypercapnia (Fig. 3c-e) . This effect of isoflurane was 390 reversible (n=8/9; Fig. 3c ). A subset of these neurons was verified to be serotonergic using 391 juxtacellular labeling followed by TpOH immunohistochemistry (Fig. 3f) . In aCSF, isoflurane (1%) completely eliminated 5-HT neuron firing, and firing did 406 not return in acidic aCSF (Fig. 4b) . Firing was restored in aCSF upon washout of isoflurane, 407 as was the acidosis-induced increase in firing frequency. This effect of isoflurane was highly 408 consistent across all recorded neurons (n=15; Fig. 4c ). When neurons were exposed to 1% 409 isoflurane in aCSF, the firing frequency decreased from 0.43 ± 0.25 Hz to 0.00 ± 0.00 Hz 410 (n=15). Furthermore, in isoflurane there was no change in firing frequency in response to 411 acidosis (from 0.00 ± 0.00 Hz to 0.12 ± 0.22 Hz; p=0.6635; n=15) (Fig. 4c) . The inhibition of 412
5-HT neurons was reversible upon washout of isoflurane (n=12), as was the acidosis-413 induced increase in firing frequency (n=12). 414 415
Isoflurane did not prevent underlying mechanisms of chemosensitivity in 5-HT 416 neurons 417
The protocol used above (Fig. 4b) did not distinguish between whether isoflurane 418 blocked the underlying chemosensory mechanisms, or alternatively, simply hyperpolarized 419 5-HT neurons and prevented them from reaching threshold for action potential generation 420 during acidosis. To differentiate between these possibilities, we examined changes in 421 membrane potential (E m ) in response to acidosis both in the absence and presence of 422 isoflurane. In aCSF without isoflurane, acidosis induced a 3.10 ± 1.05 mV depolarization in 423 E m (n=13; Fig. 5a ). In aCSF, isoflurane (1%) hyperpolarized 5-HT neurons by -6.53 ± 4.26 424 mV relative to aCSF without isoflurane (n=13; Fig. 5a ). When acidic aCSF with isoflurane 425 was superfused into the chamber, the E m in these neurons depolarized by 3.68 ± 1.95 mV 426 compared to aCSF with isoflurane (n=13; Fig. 5a ). However, this was not enough to reverse 427 the hyperpolarization of E m caused by isoflurane. There was no difference in the 428 depolarization induced by acidosis in control conditions compared to acidosis in isoflurane 429 (p=0.3922, Wilcoxon matched-pairs signed rank test; n=13; Fig. 5a ). Thus, 5-HT neurons 430 retained chemosensitivity, but isoflurane caused sufficient hyperpolarization so that 431 acidosis could not depolarize them enough to reach action potential threshold. 432
We next used depolarizing current injection to reverse the hyperpolarization of 5-433
HT neurons that was induced by isoflurane, and determined whether acidosis would then 434 alter their firing rate. 5-HT neurons were first exposed to acidic aCSF without isoflurane to 435 quantify their chemosensitivity (Fig. 5b) . typically report at least 250% increases in V̇E with elevation of inspired CO 2 from 0% to 490 7%. In contrast, during experiments in isoflurane anesthetized rats in which 5-HT neurons 491 were reported to be insensitive to CO 2 , V̇E increased by only 35% when inspired CO 2 was 492 elevated from 0% to 10% (Depuy et al. 2011 ). Thus, in the studies that failed to detect 5-HT 493 neuron chemosensitivity it is likely that halogenated anesthetics hyperpolarized 5-HT 494 neurons, obscuring their chemosensitivity and blunting the HCVR. 495
Previous recordings from 5-HT neurons in the parapyramidal (ppy) region showed 496 that these neurons are not responsive to hypercapnia/hyperoxia in urethane-anesthetized 497 animals after carotid body denervation (Takakura and Moreira 2013) . This is consistent 498 with the likelihood that 5-HT neurons in different nuclei and regions serve different 499 physiological roles. For example, 5-HT neurons from rhombomere five (primarily in raphe 500 magnus) are more chemosensitive than 5-HT neurons originating from rhombomeres six 501 and seven, and the former project to integrative respiratory nuclei (Brust et al. 2014b) . 502 503
Role of TASK channels in 5-HT neurons 504
Isoflurane is well known to potentiate TASK channel currents (Sirois et al. 2000) . 505
TASK channels mediate a leak K + current, and potentiation of this current causes 506 hyperpolarization. TASK channels are present throughout the nervous system and 5-HT 507 neurons express them at very high levels (Talley et al. 2001 ). Thus, isoflurane will 508 hyperpolarize and inhibit many neurons, including 5-HT neurons. The effects seen when 5-509 HT neurons were exposed to isoflurane in cell culture and in the in situ perfused brain 510 preparation were consistent with what would be expected with activation of TASK 511 channels. Additionally, it is possible that depression of arousal is due in part to isoflurane-512 induced inhibition of 5-HT neurons in the midbrain, which have previously been shown to 513 be involved with CO 2 -induced arousal (Buchanan and Richerson 2010) . 514 TASK channels are inhibited by acidosis (Duprat et al. 1997) , and have been 515
proposed to mediate the response of neonatal mouse 5-HT neurons in brain slices to 516 changes in pH from 7.5 to 6.9 (Mulkey et al. 2007). As rat and mouse 5-HT neurons mature 517 they develop a much larger response to acidosis, and are responsive over a narrower pH 518 range (such as between pH 7.4 and 7.2 (Brust et al. 2014a; Wang and Richerson 1999) . 519
Preliminary evidence indicates that a calcium-activated nonselective cation current is the 520 major contributor to chemosensitivity in adult rats and mice (Wu et al. 2009 ). It is possible 521 that TASK channels also contribute to chemosensitivity of mature 5-HT neurons, but this 522
has not yet been examined. If so, it is unlikely that TASK channels are the sole mediator, as 523
we show here that chemosensitivity of 5-HT neurons is seemingly unchanged by TASK 524 channel potentiation from isoflurane, when the hyperpolarization expected by the 525 influence of isoflurane on TASK channels is compensated by experimental injection of 526 In 5-HT neurons, the change in conductance of TASK channels is small over the pH 535 range studied here (7.4 to 7.15) (Teran et al. 2014; Washburn et al. 2002) , so it would not 536 be expected to cause the large change in firing frequency seen in 5-HT neurons over this pH 537 range. It is also unlikely that such a small shift in TASK conductance caused by acidosis 538 would be enough to cause the firing frequency of these neurons to increase to 300% of 539 baseline, when motor neurons express higher levels of TASK channels but are not strongly 540 depolarized by acidosis (Talley et al. 2001; Washburn et al. 2002) . In fact, the effect of pH 541 on motor neurons is actually the opposite, with the common, reproducible clinical 542 observation that respiratory alkalosis causes tetany (Brown 1953) . The firing frequency 543 responses of 5-HT neurons to acidosis were neither exaggerated nor blunted in isoflurane, 544 when the hyperpolarizing influences were compensated. Based on these and other 545 reasons, it is unlikely that TASK channels are the mediators of 5-HT neuron 546 chemosensitivity (Corcoran et al. 2009; Teran et al. 2014) . 547 548
Effect of isoflurane on respiratory chemoreception 549
Here we have shown that cell culture can be used to study 5-HT neuron 550 chemosensitivity, and how it is influenced by the anesthetic isoflurane. We then recorded 551 from 5-HT neurons in a perfused brainstem preparation and determined how isoflurane 552 affected those neurons and their chemosensitivity within an intact respiratory network and 553 a normal glial-vascular microenvironment. Finally, we studied the effect of isoflurane on 554 the response of the whole animal to inhalation of CO 2 and illustrated that the influence of 555 isoflurane on chemoreception in vivo is consistent with its influence on chemosensitive 5-556
HT neurons in vitro and in situ. Our ability to correlate the effect of a perturbation on a 557 single neuron, with the effect of that perturbation on the motor behavior of the intact 558 animal allowed us to define a cellular mechanism that may contribute to the effect of 559 isoflurane on respiratory chemoreception in vivo. 560
Isoflurane, halothane, and other halogenated anesthetics have been frequently used 561 in both research and clinical settings. These agents can alter the outcome of experiments on 562 chemoreception and control of breathing more than is appreciated by some investigators. 563
In the current experiments, isoflurane markedly depressed the HCVR, but had no effect on 564 HT neurons. Our data do not, however, exclude an effect on other isoflurane-sensitive 584 chemoreceptors, including peripheral chemoreceptors. They also do not exclude an effect 585 on other elements of the respiratory network. 586
The gold standard for defining normal neuronal activity is widely considered to be 587 extracellular recording from neurons in vivo. However, this approach typically requires the 588 use of anesthesia, and two of the most common and convenient agents used are halothane 589 and isoflurane. These halogenated anesthetics alter respiratory physiology so severely that 590 in vivo preparations using these agents should not be assumed to reflect normal physiology 591 in studies of breathing. In particular, the use of these anesthetics may greatly 592 underestimate the relative contribution of chemoreceptors that express TASK channels, 593 such as 5-HT neurons. 594 Summary of the effect of acidosis while giving current injection to reverse the 837 hyperpolarization induced by isoflurane. Shown are firing frequencies in aCSF (pH 7.4) and 838 acidic aCSF (pH 7.15) under control conditions (Ctrl, n=12), in isoflurane while giving extra 839 depolarizing current (1% Iso + depol., n=12), and during washout of isoflurane (Wash, 840 n=7). Chemosensitivity remained intact in isoflurane (F 1,28 =40.01; p<0.0001) and there was 841 no effect of isoflurane after an increase in current injection (F 2,28 =0.4537; p=0.6399) or an 842 interaction between pH and isoflurane (F 2,28 =0.1227; p=0.8850). * -p<0.05, *** -p<0.001. 843 844 845 846 847
